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ABSTRACT 
With the help of Hartree-Fock-Slater calculations in which very large basis sets are employed, 
the polarisation of the water molecule by an electric field is explored. The various features in the 
electron density distribution are encountered again in the long hydrogen bond in the water dimer, 
showing that polarisation is the main effect. In short hydrogen bonds, exchange repulsion is shown 
to be equally important. 
The quality of the computational method is tested by comparing the results of the calculation 
of the electron density distribution in the crystal of a-oxalic acid dihydrate with the results of 
accurate X-ray diffraction measurements. By using models in which subsequently covalent bond- 
ing, hydrogen bonding and the electrostatic crystalline field are included, the effects of the various 
components are explored. Only the full theoretical model gives excellent agreement with the ex- 
periment, showing the quality of the model and the sensitivity of the experiment. 
INTRODUCTION 
The close approach of the molecules involved in a hydrogen bond results in 
an important gain in electrostatic energy. The electrostatic fields of the mon- 
omers cause mutual polarization, leading to an additional contribution to the 
hydrogen bond energy. Since the participating molecules have closed-shell 
configurations, the interpenetration of the charge clouds of the polarized mon- 
omers is restricted by Pauli’s principle and redistribution of the electron den- 
sity distribution occurs. When the hydrogen bond energy as calculated by the 
Hartree-Fock energy is decomposed according to Kitaura and Morokuma’s 
prescription [l] into electrostatic, polarization, charge transfer, exchange and 
London forces, the first and the last can be derived from the electron density 
distribution of the monomers, whereas the remainder are closely related to the 
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changes in the electron density distribution on forming the bond. The hydro- 
gen bond energy in condensed systems cannot fully be ascribed to the inter- 
action in the various dimers. The main origin of the apparent many-body in- 
teraction is to be found in the change of the electron distribution in the various 
bonds and the effect this has on the neighbouring hydrogen bonds [ 21. Whereas 
the qualitative aspects of the electron density distribution in the hydrogen 
bond are well understood [ 31, a quantitative treatment encounters major dif- 
ficulties. The Hartree-Fock method is known to yield, in principle, good elec- 
tron density distributions, but the method requires large basis sets to live up 
to its reputation. In particular the outer regions of the molecules with diffuse 
electron density distributions are difficult to handle. The highly regarded 
6-31G** basis set does not satisfy the requirements [ 41. Unfortunately, hydro- 
gen-bonded dimer systems in general contain so many atoms that larger basis 
sets seem out of question. 
The Hartree-Fock-Slater method seems to offer a solution. This method 
can be regarded as a variant of the density functional method in which the 
local density approximation is applied. Owing to this approximation, comput- 
ing time does not increase so drastically with the number of basis functions 
and the method has been shown to yield good electrostatic properties [ 5 1. We 
shall use the method to calculate the electron density distribution in the bond 
and to analyse it in terms of polarization and exchange repulsion. 
To be able to understand the various features of the electron density distri- 
bution in the hydrogen bond, the important effect of the polarization of a water 
molecule in a homogeneous field was first studied. Unexpected features could 
be explained with the help of HOMO-LUMO interaction. The difference be- 
tween the electron density distribution in the water dimer, which was studied 
subsequently, and the distribution in the monomers could be explained by mu- 
tual polarization. Owing to the large intermolecular distance, interpenetration 
of the charge clouds plays a minor role. 
In principle, the electron density distribution is an observable quantity and 
the results of the calculations can be compared with the outcome of experi- 
ments. In practice, only X-ray diffraction is available for this purpose and the 
system under study has to be a part of a crystal. Consequently the effects of 
the environment have to be taken into account. 
Recent extensive X-ray studies of the electron density distribution in the (x- 
oxalic acid dihydrate complex makes it possible to compare the outcome of the 
quantum chemical calculations with experiment [6]. Ab initio Hartree-Fock 
calculations on the oxalic acid molecule revealed rather large differences be- 
tween theory and experiment [7]. These differences were qualitatively in 
agreement with the expected effect of hydrogen bonding. Similar calculations 
with a 4-31G basis set, augmented with bond polarization functions, on the 
doubly hydrated oxalic acid molecule suggested that hydrogen bonding had 
little influence on the electron density distribution in the oxalic acid molecule, 
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being the hydrogen bond donor, but a more pronounced effect on the accepting 
water molecules [ 81. This outcome is in disagreement with the result of our 
model study on the water dimer, where we noticed the strongest effect in the 
O-H bond of the donor. To resolve the problem, Krijn et al. [9,10] carried out 
extensive Hartree-Fock-Slater calculations in which both the effect of hydro- 
gen bonding and crystalline environment were taken into account. It was shown 
that the agreement with experiment is excellent and that the quantum chem- 
ical model must include not only the interaction between the directly involved 
monomers but also the effect of the charge distribution of the molecules in the 
environment on the dimer to account for the observed distribution. 
METHODS 
Quantum chemical calculations 
The calculations on the water molecule in an electric field, on the water 
dimer, and on the oxalic acid dihydrate were performed within the framework 
of the density-functional theory. This is equivalent to solving the Hartree- 
Fock equations with an approximate exchange-correlation potential for which 
the HFS-LCAO-DVM method was used [ 111. 
The basis set consisted of Cartesian Slater-type orbital (STO) functions up 
to 1= 2 on H and up to I= 3 on C and 0. The radial part consisted of triple-c 
functions for the occupied shells and single-c for the empty shells. 
The effect of an electric field on the electron density distribution was ob- 
tained by placing the molecule in the field of a proton at a distance of 6.6 A. 
Details of the potentials, the computations and the results are reported else- 
where [5]. 
Atom-centred expansion and structure factor calculation 
Both the theoretical and experimental electron density distributions were 
expanded in a finite set of atom-centred functions consisting of spherical har- 
monics up to 1~4 to describe the angular dependence, each multiplied by a 
radial part. The theoretical density distribution shows high resolution which 
makes it necessary to describe the radial part by the superposition of many 
Slater-type orbitals (STO). The difference with the original density is less 
than 0.025 e A-“. The experimental density has a much lower resolution, which 
makes it possible to use fewer parameters. In addition to the spherical free- 
atom electron density distribution, deformation functions were used with an 
angular-dependent part as described above and a radial part given by one ST0 
per 1 value. 
The functions centred on one nucleus constitute an atom. These atoms are 
assumed to be rigid, i.e. they do not deform during thermal vibrations. The 
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structure factors can now be obtained by first calculating analytically the Four- 
ier transforms of the one-centre functions. The resulting atomic form factors 
are multiplied by the temperature factors, determined by neutron diffraction, 
followed by calculation of the structure factors in the usual way. Fourier syn- 
thesis using only those structure factors that are also observed in the experi- 
ment yields the dynamic electron density distribution. Often, only the part 
described by the deformation functions is used and the distribution shown 
represents the deformation density. 
Charge partitioning 
Hirshfeld has suggested a useful way to partition the charge distribution in 
a molecule or crystal over the participating atoms [ 121. Each atom is assigned 
a part of the electron density proportional to its contribution to the density of 
the promolecule, defined as the sum of sphericalized free atoms at the atomic 
positions in the molecule. 
EXPERIMENT AND RESULTS 
The polarized water molecule 
The effect of the electric field on the electron density distribution of the 
water molecule is shown by displaying the polarization density, defined as the 
difference of the density distributions of the polarized and the unpolarized 
molecule. Figure 1 shows the polarization density of H,O in which the electric 
field is directed perpendicular to the plane of the molecule. The contours show 
a distribution that is much more complex than one that corresponds to a mere 
shift of the electron density cloud in the direction of the field. The topography 
of the changes can be understood with elementary perturbation theory. Assum- 
ing that the outer orbitals contribute most to the polarization density, we con- 
sider the lb, orbital of the water molecule, which closely resembles the pz or- 
bital of the 0 atom. Under the influence of the electric field, some 4a, orbital 
is mixed in 
@=lb, +3,(4a,) (1) 
The contribution of $ to the polarization density is mainly given by the differ- 
ence of g2 and (ll~~)~. Assuming L to be small, the polarization density is pro- 
portional to the product (lb,) * (4al). The two orbitals involved are shown in 
Fig. 2. 
The outer electron density is shown to be so diffuse that contours are absent. 
Nevertheless, it is this diffuse electron density distribution that accounts for 
the induced dipole moment. 
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Fig. 1. Polarization density in the Hz0 molecule caused by a field directed along the normal to the 
molecular plane. The plane shown bisects the H-O-H angle. The contours are drawn at arbitrary, 
but regular intervals. Depleted areas are indicated by dotted contours, the zero contour is given 
by a dashed line. 
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Fig. 2. The interacting valence and low-lying empty orbital of the water molecule. 
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The water dimer 
We now turn to the water dimer, in which the atoms are placed according to 
the equilibrium geometry, shown in Fig. 3, with an 0.. -0 distance of 2.98 A. 
The effect of bonding is reflected in the interaction density, defined as the 
difference between the density distributions of the dimer and the superim- 
posed monomers. One of the problems in calculating differences is the fact 
that, in calculating the dimer, the system has a larger basis set available than 
in the case of the monomers. To prevent the resulting “basis set superposition 
error”, both monomers were calculated in the basis of the dimer [ 131. Details 
of the geometry and the calculations have been given by Krijn and Feil [ 41. 
The interaction density is given in Fig. 4. The oxygen atom of the acceptor 
molecule shows the same pattern as the oxygen atom in the polarized water 
molecule, indicating the importance of polarization in the hydrogen bond. In 
Fig. 3. Geometry of the H,O dimer 19, = 58.0” and 0,= 178.75 O. Ro_o = 2.98 A and 2.48 A, respectively. 
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Fig. 4. Interaction density in the symmetry plane of the wat$r dimer. The O.--O distance is 2.98 
A. The contour interval amounts to 0.002 e ar3 or 0.0135 e AP3. 
39 
tzdf 
IJig. 5. Interaction density in the symmetry plane of the water dimer. The 0. -0 distance is 2.48 
A. The contour interval is the same as in Fig. 4. 
fact, when each water molecule is placed in the electric field of the unperturbed 
partner and the polarization densities are added, the result closely resembles 
the interaction density of Fig. 4. 
In a-oxalic acid dihydrate, to be discussed shortly, the 0. -0 distance is 2.48 
A, much shorter than the equilibrium distance in the water dimer. To show the 
effect of the reduced distance, we calculated the interaction density in a water 
dimer in which the angles of Fig. 3 are retained but the O.-O distance is re- 
duced to 2.48 A. The result is shown in Fig. 5. We notice a considerable increase 
in the interaction density. Interpenetration of the charge clouds of the mono- 
mers makes exchange repulsion play a large role. 
Oxalic acid dihydrate 
The crystal consists of layers of hydrogen-bonded oxalic acid and water mol- 
ecules. Figure 6 shows the oxalic acid molecule and its nearest neighbours, 
revealing the presence of both long and short hydrogen bonds. From the model 
studies on the water dimer we learned that calculation of the electron density 
in the short bonds requires supermolecule calculations, while the effect of the 
long bonds can be accounted for by including the charge distribution of the 
environment in the Hamiltonian. 
To obtain the experimental density distribution, a full-angle multipole re- 
finement was performed, using the cell parameters and X-ray data of Dam et 
al. [ 141 corrected for extinction and anomalous dispersion. The data sets con- 
sists of all reflections in the reciprocal sphere up to (sine) /A = 1.3 A. Position 
and thermal parameters of the hydrogen atoms were kept fixed at the values 
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Fig. 6. Geometry of a-oxalic acid dihydrate and its nearest neighbours. The midpoint of the C-C 
bond is a centre of symmetry. 
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Fig. 7. Deformation density in the oxalic acid dihydrate. The contour interval amounts to 0.1 e 
A--3* 
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taken from the neutron diffraction study of Koetzle and McMullan [ 151. The 
converged refinement resulted in values for the discrepancy factors of R = 0.019 
and R, = 0.014. 
The refinement yields the coefficients of the deformation functions and the 
positions and thermal parameters of the non-hydrogen atoms. In the following, 
the structure factors based on the multipole density are considered to be the 
experimental structure factors and the Fourier summation based on the tem- 
perature-corrected structure factors yields the experimental dynamic defor- 
mation density distribution shown in Fig. 7. This distribution is used as ref- 
erence to test the various quantum chemical models. Since the number of 
observations greatly exceeds the number of parameters of the refinement model, 
the discrepancy between the resulting density and the real electron density is 
assumed to be much smaller than that indicated by the R factors which result 
from the refinement. The latter reflect the discrepancy between the individual 
measured structure factors and those based on the refined model. They are an 
indication of the accuracy of the individual measurements. 
Fig. 8. Experimental density minus vibrationally averaged superposition of the free oxalic acid 
and the fzee water densities. Hydrogen bonding is not included in the model. The contour interval 
is 0.05 e Am3. 
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Fig. 9. Experimental density minus the vibrationally averaged density of the oxalic acid dihydrate 
complex. Crystal field effects have not been taken into account. The contour interval is 0.05 e 
A--3. 
The first quantum chemical model of the electron density distribution in 
oxalic acid dihydrate consists of the summation of free atom electron density 
distributions. The difference between the experimental and the model results 
is the map of Fig. 7. Since the omission of covalent bonding in the model is 
seen to cause the largest discrepancies, the second model consists of the su- 
perposition of independent molecules. The resulting difference from the ex- 
perimental electron density distribution is shown in Fig. 8. The model does not 
take hydrogen bonding between the molecules into account. Assuming no er- 
rors in either the experimental map or in the quantum chemical method, Fig. 
8 shows the effect of hydrogen bonding. We recognise the same features as in 
the water dimer. The next improvement in the model consists of including the 
molecular interaction between the oxalic acid molecule and the nearest water 
molecules. A supermolecule calculation was carried out and the resulting den- 
sity distribution was subtracted from the experimental distribution (Fig. 9). 
The main features of the distribution in the hydrogen bond region have dis- 
appeared, confirming the assumption made above. 
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Fig. 10. ExperiFental density minus the field-corrected density of the complex. The contour in- 
terval is 0.05 e Aw3. 
Although the shortest hydrogen bonds are included in the model, not all 
molecular interaction has been taken into account. Long hydrogen bonds be- 
tween oxalic acid and water molecules also occur. The model calculations on 
the water dimer showed that the effect of long hydrogen bonds consists mainly 
of electrostatic interaction between the molecules. The fourth and last model 
consists therefore of the oxalic dihydrate complex in the electrostatic field of 
the other molecules in the crystal. The field of the first shell of molecules was 
calculated on the basis of the charge distribution, whereas the origin of the rest 
of the crystalline field was taken to be the set of multipoles on the atoms in a 
sphere with a radius of 18.5 A about the centre of the oxalic acid molecule. The 
resulting difference is shown in Fig. 10. The differences between theory and 
experiment in the hydrogen bond region are of the order of 0.05 e AB3, the 
experimental error, expressing excellent agreement between theory and exper- 
iment. The considerable remaining differences occur at positions close to the 
nuclei where the experimental uncertainty is much larger due to the high elec- 
tron density. The pattern of the distributions near the carboxylic oxygen and 
near the water oxygen atoms suggests that the thermal vibrations are not fully 
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TABLE 1 
Partitioning of the interaction density in C,H,O,-2H,O 
All units in 10m3 atomic units. Results are corrected for the BSSE as explained in the text. 
C(l) -18 13 10 -3 
O(l) -45 26 21 -1 -42 -19 -2 -59 -5 -54 
O(2) -35 -8 -36 -6 -50 -7 -2 -67 -6 -69 
O(3) 14 65 24 -8 71 9 -11 107 -13 84 
H(1) 10 0 7 -1 -7 1 0 21 -2 20 
H(2) 36 22 -6 -8 70 11 1 64 -10 55 
H(3) 38 21 3 4 68 10 -14 66 -7 53 
-19 -8 -5 
se, se,, a, 
-77 -1 -75 
TABLE 2 
Partitioning of the net density rearrangement in C,H,O,-2H,O caused by the crystal field 
All units in 10e3 atomic unite. 
C(l) 12 15 -2 12 -2 -21 17 -97 19 31 
O(l) 13 51 5 2 -28 -37 0 -3 1 39 
O(2) -86 -23 -99 19 -153 16 21 -159 -4 -114 
O(3) -21 29 -68 16 8 -13 9 -59 19 -18 
H(1) 12 -12 -8 2 -8 -10 3 3 6 19 
H(2) 32 14 -17 4 30 0 3 5 2 20 
H(3) 37 32 -23 26 54 -5 10 26 8 43 
accounted for by the model: the vibrations may have some anharmonic char- 
acter. Full details of the refinement are given by Krijn et al. [lo]. 
Partitioning of the interaction density of the oxalic acid dihydrate complex 
with the Hirshfeld recipe results in the data reported in Table 1. 
The effects of the crystalline field on the atomic charges and higher mo- 
menta are shown in Table 2. 
The small amount of charge transfer contradicts the theory proposed by 
Reed et al. [ 161. 
CONCLUSIONS 
The excellent agreement between the experimental, X-ray electron density 
distribution and the theoretical distribution calculated on the basis of the den- 
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sity functional method, with the application of the local density approxima- 
tion, shows the following. 
(a) A careful measured electron density distribution of a hydrogen-bonded 
molecular crystal reflects the weak changes in the distribution due to exchange 
repulsion and polarization. Even the very weak effects of the crystalline field 
are noticeable. 
(b) The Hartree-Fock-Slater method, alternatively known as the local den- 
sity variant of the density functional method, yields reliable electron density 
distributions. 
The electron density distribution in the hydrogen bond has the following 
characteristics. 
(a) The effects of the electrostatic field and exchange repulsion balance to 
a large extent in the acceptor region, whereas they add up to a considerable 
effect in the donor region. 
(b) The hydrogen bond reinforces the polarity of the molecules that partic- 
ipate in the bond. The acceptor becomes a better donor (for other bonds) and 
the donor becomes a better acceptor. 
(c) The charge transfer between molecules is very small. In agreement with 
the fact that oxalic acid is a stronger acid than water, a small fraction of an 
electronic charge is transferred from water to (the carboxylic oxygen of) oxalic 
acid. 
The effect of the crystalline field in oxalic acid dihydrate is to reinforce the 
effects of the strong hydrogen bond on the electron density distribution. 
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